ABSTRACT The study was conducted to distinguish the effect of dietary non-phytate phosphorus (NPP) levels on the community diversity and structure of the cecal microbiota in meat duck based on 16S rDNA high-throughput sequencing. In total, 525 1-d-old ducklings were fed diets (105 ducklings, 7 pens of 15 ducklings, on each diet) containing five levels of NPP (0.22, 0.34, 0.40, 0.46, and 0.58%) for 21 days. The results showed that dietary NPP levels linearly and quadratically increased (P < 0.05) 21 d body weight, 1 to 21 d feed intake and NPP intake, and contrarily, linearly decreased (P < 0.05) β-diversity of cecal microbial population in ducks. ß-diversity analyses showed that microbiota clustering based on dietary NPP levels occured, with 0.22% NPP groups distinctly different from the 0.46% and 0.58% NPP group samples. Moreover, dietary NPP levels could change the relative abundance of the phylum Proteobacteria (linear, P < 0.05), genera Eubacterium coprostanoligenes (quadratic, P < 0.05), Ruminococcaceae UCG-014 (quadratic, P < 0.05) and Subdoligrannulum (linear, P < 0.05), and Lachnospiraceae family (quadratic, P < 0.05) in cecal microbiota of ducks. Increasing the dietary NPP level influenced the cecal microbiota and positively affected the growth of meat ducks.
INTRODUCTION
Dietary phosphorus (P) is an essential nutrient not only for normal growth, skeletal system development, and maintenance of animals (Shastak and Rodehutscord, 2013) but also for bacteria, since it is needed for a variety of metabolic processes in bacterial cell (Durand and Komisarczuk, 1988) . Moreover, it was demonstrated that bacterial P and calcium (Ca) assimilation and metabolic activity depend on P and Ca availability in the large intestine of pigs (Mann et al., 2014a) . Mann et al. (2014b) found that high versus adequate dietary Ca-P content significantly promoted Lactobacillus by 14.9% units at the gastric Pars nonglandularis of weaned pigs. An improved colonization resistance against intestinal pathogens and promotion of lactobacilli in ileal digesta and mucosa has been observed with Ca-P rich diets in rats (Bovee-Oudenhoven et al., 1999) . These results suggested that dietary P concentration could affect gut health partly by modulating the composition of gut microbiota.
The microbial community present in the broiler's gastrointestinal tract (GIT) has more than 900 bacterial C 2018 Poultry Science Association Inc. Received November 21, 2017 . Accepted February 22, 2018 Corresponding author: zqf@sicau.edu.cn species (Stanley et al., 2014) , which play a crucial role in feed digestion, toxins degradation, pathogens exclusion, stimulation of the immune system, and endocrine activity (Zhu et al., 2002) . Current exciting research is beginning to unravel how the composition of food modulates the gut microbiota (Rajoka et al., 2017) . There is a promising dietary strategy, which has recently received much attention in human research, using a rat or pig model with dietary Ca and P content to modulate the intestinal eubiosis. Changes in Ca and P supplementation affected the composition and activity of the microbial community in the digestive tract of broilers (Ptak et al., 2015) . Dietary higher P and Ca levels led to a shift in relative abundance of Lactobacillus (L.) reuteri and L. crispatus to L. salivarius and L. taiwanensis in broiler's crop . Daniel et al. (2016) also found that diets supplemented with P affected the cecal microbiota and improved the growth of broilers. However, research on the interaction between dietary NPP levels and cecal microbiota of ducks is poorly understood. In a qualitative comparison, there were clear distinctions in the structure and composition of gut microbiome between Pekin duck cecal contents and those of broiler chickens or turkeys. Therefore, we suppose that it is not advisable to extrapolate the results of studies on affecting the microbiomes from one bird order to another (Best et al., 2017) . Therefore, in the present study, we investigated the hypothesis that the diversity and composition of the intestinal microbiota is linked with dietary NPP levels in ducks. The objective was to determine if there were any differences in microbial diversity and/or relative abundance of bacterial taxa, at the phylum, class, order, family, and genus levels, within the cecal microbiota in meat ducks from 1 to 21 d of age.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee of Sichuan Agricultural University approved all procedures used in the study.
Birds, Diets, and Management
A total of 525 1-d-old ducks (Cherry Valley, Sichuan Mianying Breeding Duck Co. Ltd. Mianyang, China) were randomly allocated to one of five treatments with seven replicate cages of 15 birds per cage in a completely randomized design and fed a basal corn-soybean meal diet (NPP 0.13%) supplemented with 0.09, 0.21, 0.27, 0.33, or 0.45% of inorganic phosphorus in the form of monobasic sodium phosphate (CaH 2 PO 4 ·2H 2 O). The analyzed total P (TP) content in experimental diets was 0.54, 0.72, 0.79, 0.84, or 0.92%, and the corresponding dietary non-phytate phosphorus (NPP) levels were 0.22, 0.34, 0.40, 0.46, and 0.58%, respectively. Each diet contained a constant calcium content of approximately 0.9%. The period of the experiment was from 1 to 21 d of age.
The basal diet (1 to 21 d) ( Table 1 , 2-mm-diameterpellet) was formulated under digestible amino acid basis to meet the nutrient requirements of Pekin ducks suggested in the NRC (1994) and Han et al. (2017) . Ducks were reared in pens (2.2 m × 1.2 m × 0.9 m) in a temperature-and humidity-controlled room with 24-h constant light schedule and free access to water and feed.
Data Collection and Sampling
On d 21, the body weight (BW) and feed consumption of ducks were recorded on basis. Average daily gain (ADG), average daily feed intake (ADFI), feed conversion ratio (FCR), NPP, and TP intake were calculated. Feed waste was recorded daily, and the data were used in the calculations of feed consumption. Then, one bird per pen was euthanized by carbon dioxide asphyxiation following anesthesia in a gas mixture (35%CO 2 , 35%N 2 , and 30% O 2 ) . The GIT was immediately dissected after euthanization, the two ceca were opened longitudinally and digesta samples were collected with a sterile spoon. Samples were stored at −80
• C. DNA extraction and high-throughput sequencing and analysis of 16S rDNA gene amplicons DNA extraction and high-throughput sequencing and analysis of 16S rDNA gene amplicons were performed using the Illumina Hiseq platform Novo gene (Novo gene Bioinformation Technology, Beijing, China). The total genome DNA from the cecal samples was extracted using the sixteen alkyl three ethyl ammonium bromide (CTAB)/ sodium alkyl sulfonate twelve (SDS) method (Bo et al., 2017) . DNA was quantified in a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA) and stored at −20
• C (Stanley et al., 2012) .
According to the concentration, DNA was diluted to 10 ng/μ L using sterile water. The 16S rDNA genes of distinct regions (16S V4) were amplified using specific primer (515F GTGCCAGCMGCCGCG-GTAA; 806R GGACTACHVGGGTWTCTAAT) with the unique barcodes. All PCR reactions were carried out with Phusion High-Fidelity PCR Master Mix (New England Biolabs). PCR products were mixed in equal density ratios. Then, mixture PCR products were purified with Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany). Sequencing libraries were generated using TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA) following the manufacturer's recommendations, and index codes were added. The library quality was assessed on the Qubit 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyser 2100 system. Finally, the eligible libraries were sequenced on an Illumina HiSeq 2500 platform and 250 bp paired-end reads were generated.
Data Analysis
Paired-end reads were assigned to samples based on their unique barcode and truncated by cutting off the barcode and primer sequence. Paired-end reads were merged using FLASH (V1.2.7), a very fast and accurate analysis tool, which was designed to merge paired-end reads when at least some of the reads overlap the read generated from the opposite end of the same DNA fragment, and the splicing sequences were called raw tags. Quality filtering on the raw tags was performed under specific filtering conditions to obtain the high-quality clean tags, according to the QIIME (V1.7.0) qualitycontrol process. Reads were filtered by QIIME quality filters. Sequences with ≥97% similarity were assigned to the same optimal taxonomic units (OTUs). Then, a representative sequence was chosen for each OTU to annotate the taxonomic information of that unit. All OTUs were subsequently analyzed for abundance and diversity. For α-diversity analysis, rarefaction curves and rank abundance curves were generated by R project (Version 2.15.3).
Sequences (clean data) were analyzed using the Quantitative Insights into Microbial Ecology (QIIME, Version 1.7.0) software package, and inhouse Perl scripts were used to analyze α-diversity (Observed-species, Shannon, Simpson, Chao I, ACE, Goods coverage, and PD whole tree). A jackknifed β-diversity analysis was conducted to assess the statistical variation of sample location in principal coordinate analysis (PCoA) plots based on unweighted UniFrac distances (Lozupone et al., 2011) .
Statistical Analysis
The effects of dietary NPP levels on BW, FI, FCR, TP intake, NPP intake, and the structure and diversity of the cecal microbiota were determined by a oneway ANOVA using the GLM procedure in SAS software (SAS Institute Inc., Cary, NC, 2004) . When the dietary NPP levels effect was significant (P < 0.05), polynomial contrasts and the linearity of response were examined to analyze dietary NPP levels using linear and quadratic regressions. The R 2 was provided to compare these regressions when the linear or quadratic effect was significant (P < 0.05) (Pesti et al., 2009 ). Probability values < 0.05 were considered significant.
RESULTS

Growth Performance
Dietary NPP levels linearly and quadratically increased (P < 0.05) ADG, ADFI, TP intake, and NPP intake of ducks during 1 to 21 d of age (Table 2) . When compared to other groups, ducks fed diets containing 0.22% NPP had lower (P < 0.05) ADG and ADFI. Dietary NPP levels significantly affected (P < 0.05) TP intake and NPP intake among all treatments. However, dietary NPP levels had no marked effect on FCR (P > 0.05).
Alpha-Diversity
Illumina Hiseq high-throughput sequencing was performed to evaluate the bacterial abundance. On average, we obtained 81,488 total reads. Reads were then merged based on the overlapped sequences to generate tags. On average, 75,767 total tags were obtained. We clustered the tags using a 97% similarity cutoff to obtain an average of 1,319 OTUs. Rarefaction curves were analyzed together to test the sufficiency of the sequence collection (Figure 1) . In rarefaction curves, the curve of the observed species number plateaued with the increase in samples/sequences number, which indicated that enough samples/sequences were obtained to cover the majority of species. A Venn diagram was generated based on the OTU classification (Figure 1) . The five groups shared 570 OTUs in common.
Multiple α-diversity metrics revealed clear differences among microbial populations in ducks fed diets with different NPP levels with respect to richness and evenness.
In general, there was a significant linear decrease (P < 0.05) in the diversity of the microbial populations by all metrics as dietary NPP levels increased (Table 3) . When considering the Shannon diversity metric, which takes into account the richness and evenness of species, a pattern of dietary NPP levels emerges. This was supported by statistically significant differences between the 0.22%, 0.34%, or 0.40% NPP groups and the 0.58% NPP group (Table 2 , ANOVA, P < 0.05), the same as PD whole tree metrics.
Beta-Diversity
To deeply illustrate the differences in cecal flora between these groups, β-diversity analysis was performed to analyze the phylogenetic relationship and relative abundance of species. The structure of the duck cecal microbial populations is distinct and clearly correlated with dietary NPP levels on β-diversity measures. In the unweighted UniFrac principal coordinates analysis (PCoA), the first principal coordinate (PC1) explained 29.89% of the variation among samples, with PC2 explaining 12.32% of the variation. The PCoA can estimate the main discrepancies in the OTUs between groups using the distance of sample dots. Then, PCoA was calculated based on samples' distance matrices, which were generated based on their group species phylogenic and evolutionary relationships. In our study, unweighted UniFrac PCoA showed that the species discrepancy was obvious between the high dietary NPP contents (0.46% and 0.58%) and the low dietary NPP contents (0.22% and 0.34%) (Figure 2, A) . According to weighted UniFrac PCoA (Figure 2, B) , the species discrepancy was also distinguished between the high dietary NPP contents (0.46% and 0.58%) and the low dietary NPP contents (0.22%).
The Relative Abundance of Some Bacteria
The relative abundance of bacteria was analyzed at the levels of phylum, class, order, family, and genus. The structure and stability of the gut microenvironment can be denoted by the relative abundance of different types of bacteria. The heat map was generated using the relative abundance of different phylum (Figure 3) . In meat ducks at 21 d of age, the cecal microbiota was mainly composed of Firmicutes (55%), Bacteroidetes (33.4%), Actinobacteria (3.3%), Tenericutes (4.38%), Proteobacteria (2.89%), and unclassified bacteria (1.03%). At the class, order, family, and genus levels, the Clostridia (phylum Firmicutes, 50.7%), Clostridiales (50.7%), Ruminococcaceae (phylum Firmicutes, 37.5%), and Bacteroides (28.8%) were dominant.
Certain taxa were identified as differentially abundant, according to dietary NPP levels (Figure 4) . First, we found that the relative abundance of the phylum Proteobacteria linearly decreased (P < 0.05) with increasing dietary NPP levels. Other remarkable distinctions occurred in the genera Eubacterium coprostanoligenes, Ruminococcaceae UCG-014, and Subdoligrannulum. The increase of dietary NPP levels, quadratically increased (P < 0.05) the relative abundance of Eubacterium Coprostanoligenes, and linearly increased (P < 0.05) the relative abundance of Subdoligrannulum, while Ruminococcaceae UCG-014 quadratically decreased (P < 0.05). Ducks fed diets with 0.46% and 0.58% NPP had a higher (P < 0.05) abundance of Subdoligrannulum than that of ducks fed the other three experimental diets. Some species also showed some interesting variations influenced by dietary condition. The abundance of the family Lachnospiraceae present a quadratic increase (P < 0.05) with the increase of dietary NPP levels.
DISCUSSION
The actual NPP requirement of meat ducks aged 1 to 21 d of age was 0.40% (NRC, 1994) . A lower level of NPP in the diet (0.22%) reduced ADG and ADFI in ducks aged 1 to 21 d in the current study. Similar to the result of the present study, Rama Rao et al. (2006) found that depression in weight gain and FI was observed at higher levels of Ca (0.8% and 0.9%) with lower levels of NPP in diet (0.3% and 0.35%) of broilers. Zeng et al. (2015) also observed that meat ducks fed diet with 0.23% NPP had a lower FI than ducks fed diet with 0.28% NPP.
One major finding of the present study was that higher dietary NPP levels (0.46% and 0.58%) decreased α-diversity, and the species discrepancy was obvious when compared to a lower dietary NPP level (0.22%). These results agreed with Palacios et al. (2008) , who observed that in the ileal and cecal sections, the more diverse microbial communities are responsible for Figure 2 . Beta diversity analysis (PCoA) plot (based on OTUs) according to dietary non-phytate phosphorus levels. A, unweighted unifrac PCoA; B, weighted unifrac PCoA. PC1 and PC2 in x-and y-axis represented two principle discrepancy components between groups, and the percentage in bracket means contribution value to the discrepancies by the component. Dots represent samples. Samples in same group share same color. Caecum 1, Caecum 2, Caecum 3, Caecum 4, and Caecum 5 represent dietary non-phytate phosphorus contents were 0.22, 0.34, 0.40, 0.46, and 0.58%, respectively. phytate degrading activities. This might be due to the lack of sufficient enzymes (such as endogenous mucosal phytase and phosphatase) in the proximal GIT, which lead to an incomplete hydrolysis of phytate in the body of non-ruminant animals (Maenz and Classen, 1998; Onyango and Adeola, 2009; Selle et al., 2012) . This phenomenon caused most of the phytate-P in the diet to enter the hindermost ileum and cecum to change bacterial structure and metabolic processes. Therefore, when ducks are fed a diet with available P deficiency, their gut microbial communities need to obtain P from the degradation of phytate. Moreover, according to Wood and Clark (1988) , a surplus of P can be stored as polyphosphates in bacterial cells and may be used as an energy and P source for metabolic processes.
Furthermore, P is important for bacterial proliferation, and contributes considerably to bacterial structure and metabolic processes (Lengeler et al., 1999) . According to the results of the present study, ducks fed diets with 0.22% NPP had poor growth performance but had a higher α-diversity of cecal microbial population. One reason for this result may be because the ducks fed diets with 0.22% NPP need to spend more energy to compete with the gut microbial population to obtain more P and other nutrients. In addition, increasing diversity in cecal microbiota in ducks fed diets with 0.22% NPP may imply the increase of several enteric pathogens. Some enteric pathogens, for example, have developed strategies to metabolically utilize myo-inositol from phytate-P degradation as a carbon and energy source. The left clustering tree is species-related clustering tree, and the upper tree is sample-related clustering tree. The heat map was performed by discrepancies of species-relative abundance between samples, with colors gradually changed from deep red to deep blue, in accordance with high relative abundance to low. Caecum 1, Caecum 2, Caecum 3, Caecum 4, and Caecum 5 represent dietary NPP contents were 0. 22, 0.34, 0.40, 0.46, and 0.58%, respectively. This feature applies to Gram-positive enteropathogens such as Enterococcus faecalis, Bacillus cereus, Listeria monocytogenes, and Clostridium perfringens, as well as Gram-negative pathogens, such as Salmonella typhimurium, which may under certain circumstances cause infections in pigs (Staib and Fuchs, 2014) . Therefore, intervention studies are required to further study dietary P deficiency or the increase of dietary phytate-P to determine whether they increase intestinal pathogenic bacterial colonization and impair gut health of poultry.
As previously noted, at the phylum level, Firmicutes and Bacteroidetes (more than 80% of sequences) were major bacteria in the duck gut microbiota (Vasaï et al., 2014) . Best et al. (2017) also found barn-raised ducks contain four major phyla found most often in other animal systems as follows: Firmicutes (57%), Bacteroidetes (30%), Proteobacteria (6%), and Actinobacteria (3%). Consistently, in the current study, majority of the microorganisms colonizing the cecum of ducks belonged to the phyla Firmicutes and Bacteroidetes (more than 80% of sequences), which were commonly described in previous studies that characterized the microbial communities of the chicken GIT (Stanley et al., 2013; Deusch et al., 2015) . These results indicated that dietary NPP levels did not change the composition of gut microbiota in meat ducks, suggesting that the complexity and the anaerobic environment of the ceca did not allow important changes in the bacterial community (Ley et al., 2008) .
Moreover, in the current study, we first found that dietary NPP levels could change the relative abundance of the phylum Proteobacteria, the genera Eubacterium coprostanoligenes, Subdoligrannulum, and Ruminococcaceae UCG-014, and the family Lachnospiraceae in the cecal digesta of ducks. Individuals fed on the Mediterranean diet (a balanced intake of fruits, grains, monounsaturated fat, vegetables, and polyunsaturated fat) had lower numbers of Bacillaceae, Proteobacteria and acute phase C-reactive proteins (Marlow et al., 2013; De Filippis et al., 2016) , suggesting the decrease of the relative abundance of the phylum Proteobacteria represents a healthier condition. Ruminococcaceae UCG-014 is a common genus reported in the chicken ceca (Bjerrum et al., 2006; Mohd et al., 2015) , which has been associated with the maintenance of gut health and has the enzymatic capability to degrade cellulose and hemicellulose (Biddle et al., 2013) . The family Lachnospiraceae was reported to be associated with corn-based diets and is mainly composed by anaerobes and some Clostridium members (Munyaka et al., 2015) . OTUs belonging to Lachnospiraceae are known to degrade complex polysaccharides to SCFA. In the Lachnospiraceae family, OTUS accounted for almost 60% of the mucinadhered microbiota (Roos et al., 2000) , and there were more abundant in the diet supplementation with P (Daniel et al., 2016) . Supplementation of Ca in the diet enhanced the presence of an uncultured Subdoligranulum sp., which was previously found in the ceca of turkeys (Scupham, 2007) and can produce butyric acid. Heyer et al. (2015) considered that P deficiency caused a reduction in SCFA synthesis due to reduce fermentation of cellulose in pig, which suggested that the activity of bacterial fibrolytic enzymes is modulated by available P of the surrounding medium (Metzler and Mosenthin, 2008) . Moreover, several authors have concluded from the results of in vitro studies (Francis et al., 1978; Lee et al., 1985) that P, as a coenzyme, is essential for bacterial degradation of dietary fiber. Also, the bacterial synthesis of fibrolytic enzymes is strongly dependent on a sufficient P supply. These results were in accordance with current study. According to the findings above, dietary P content could affect the abundance of bacteria related with the production of SCFA and the maturation of gut microbiota, which suggested that regulation of the dietary P supply could improve growth performance of meat ducks by regulating gut health.
CONCLUSIONS
In conclusion, this study uses a high-throughput pyrosequencing based on the 16S rDNA gene in cecal samples from ducks and provides a first inventory of the microbial community and the effect of dietary NPP levels on the abundance of major different groups. Higher (0.58%) or lower (0.22%) dietary NPP contents affected the diversity of cecal samples and had a significant effect in modifying the bacterial community in the ceca. The increase in the dietary NPP supply influenced the ceca microbiota and positively affected the growth performance of meat ducks. Further investigations are necessary to understand the functional microbiota in ducks to improve the gut health and the availability of dietary P, and to thus reduce P loss by excretion.
